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Preparation of high-performance anti-aging
polypropylene by modified nano-TiO, and calcium
sulfate whisker grafted acrylonitrile composite PPy

Shanshan Cong, €22 Tianyu Lan, €2 **°d Yazhen Wang,*® Liwu Zu,® Shaobo Dong®
and Zuoyuan Zhang?

By employing the radical polymerization method, acrylonitrile (AN) was grafted on the surface of nano
titanium dioxide (TiO,), and the calcium sulfate whisker (CSW) was modified using the coupling agent
KH570 to provide ultraviolet (UV)-absorption capacity. The prepared TiO,-PAN and CSW-PAN materials
can improve the anti-aging performance and mechanical properties of polypropylene (PP) and meet the
application requirements of high-performance polypropylene. Further, the obtained PP composites show
prolonged service life and application scope, which can effectively reduce white waste and avoid both
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Introduction

Polypropylene (PP) is a thermoplastic synthetic resin that has
numerous advantages, such as chemical corrosion resistance,
ease of processing, and excellent mechanical properties. This
material is used in various fields of production and processing.*
However, PP contains H atoms bonded to tertiary C, which are
prone to breakage and oxidation under ultraviolet radiation, heat,
and oxygen exposure, leading to a significant reduction in
performance and shortened lifespan of PP products.*® To
improve the aging resistance of PP, researchers have developed
organic,” inorganic,*® and composite'®** ultraviolet (UV)
absorbers. However, the problem of poor mechanical properties
of small-molecule UV absorbers and their compatibility with high-
molecular-weight polypropylene remain unsolved.”*'* Therefore,
it is necessary to develop a new type of polypropylene anti-aging
agent that can enhance the aging resistance of PP without
affecting its inherent excellent performance. This will help extend
the service life of PP and ensure good system compatibility,
thereby avoiding waste and environmental pollution.

Nano TiO, (titanium dioxide) has the ability to shield against
UV radiation. However, due to the presence of numerous
hydroxyl groups on its surface, it tends to aggregate and does not
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resource waste and environmental pollution.

disperse well. To overcome this issue, silane coupling agents are
usually used to modify the surface. These agents are chemically
bonded to the coupling molecules and wrapped around the
surface of the titanium dioxide particles, improving their
dispersion properties.””” The resultant nano-titanium dioxide is
still a small-molecule material and cannot coexist with PP for
a long time. Acrylonitrile (AN) also has UV-shielding ability and
can achieve the dual role of anti-aging when grafted on TiO,, but
it cannot fundamentally improve the performance of PP, and the
prepared polypropylene material cannot be used in specific
engineering fields and high-performance polypropylene prod-
ucts. Calcium sulfate whisker (CSW), an economical and effective
toughening agent, is often used to improve the poor compati-
bility and mechanical properties of polymers.**>* CSW has high
strength and high modulus, which make it a popular choice for
developing enhanced and modified polymer materials.**** The
surface of CSW can be modified with a coupling agent to make it
organic,”?** thus improving its compatibility with polymer
materials.”**® When acrylonitrile is grafted onto CSW, it can also
partially absorb UV light due to the presence of the -CN group.

In this study, we grafted acrylonitrile on the surface of
a calcium sulfate whisker so that it can improve the mechanical
properties while also shielding part of the ultraviolet-light. The
addition of a calcium sulfate whisker improved the dispersion
of TiO, in the PP matrix, achieving enhanced UV-shielding
function. The mechanical test results showed that only 3%
content of TiO,-PAN and CSW-PAN particles could effectively
improve the mechanical properties of the fabricated poly-
propylene products. Atomic force microscopy and scanning
electron microscopy proved that their dispersion in the poly-
propylene materials was significantly improved. Herein, the
prepared new anti-aging agents TiO,-PAN and CSW-PAN are
expected to provide technical reserve for the production of new
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polypropylene materials. As the service life of these poly-
propylene materials is extended, white waste, resource waste,
and environmental pollution can be reduced.

Experimental methods
Materials and apparatus

Rutile nano TiO, (TiO,) was purchased from Xuancheng Jingrui
New Materials Co., Ltd (Anhui, China). y-Methylpropenoxy
propyl tri-methoxysilane (KH570) was purchased from Nanjing
Xianggian Chemical Co., Ltd (Nanjing, China). Acrylonitrile
(AN) was purchased from Tianjin Fuchen Chemical Reagent
Factory Co., Ltd (Tianjin, China). Azodiisobutyronitrile (AIBN)
was purchased from Shanghai Sihe Microchemical Co., Ltd
(Shanghai, China). N,N-Dimethylformamide (DMF) was
purchased from Shanghai Pharmaceutical Group Chemical
Reagent Factory Co., Ltd (Shanghai, China). Acetone (AC) was
purchased from Tianjin Quartz Clock Factory Bazhou Chemical
Division Factor Co., Ltd (Tianjin, China). Sodium dodecyl
benzene sulfonate (SDBS) was purchased from Sinopsin
Chemical Reagent Co., Ltd (Shanghai, China). Polypropylene
(PP industrial grade) was purchased from Daqing Huaoke Co.,
Ltd (Daqging, China). Calcium sulfate whiskers (CSW) were ob-
tained from Shanghai Fengzhu Whisker Trading Co., Ltd
(Shanghai, China). All chemicals were used as received.

Fourier transform infrared spectroscopy was used to char-
acterize the characteristic peaks of the samples. The crystal
structures of the samples were characterized using X-ray
diffraction. The UV absorption properties of the samples were
determined using UV-vis absorption spectroscopy. Sample
aging was analyzed using an accelerated aging tester. A
universal testing machine was used to test the mechanical
properties of the samples. Dynamic rheometers were used to
test the thermodynamic properties of the materials. Atomic
force microscopy was used to analyze the interface of the
composite materials. Scanning electron microscopy (SEM) was
employed to test the aged interface.

Preparation of TiO,-PAN composite materials

To achieve pure intermediate KH570-TiO,, a mixture of nano-
titanium dioxide, anhydrous ethanol, and distilled water was
prepared and placed in an ultrasonic cell pulverizer. The mixture
was heated to 80 °C with stirring, and then a specific amount of
acetic acid and KH570 were added. After three hours of reaction,
the resulting KH570-TiO, was washed by centrifugation and
dried. The KH570-TiO, was then mixed with SDBS, followed by
the addition of anhydrous ethanol and distilled water for ultra-
sonic detection. The mixture was stirred and heated to 65 °C,
and certain amounts of AN and AIBN were added. After eight
hours of reaction, TiO,-PAN was post-treated with DMF and AC.
The reaction environment was maintained oxygen-free.

Preparation of the CSW-PAN composite materials

To achieve the pure intermediate KH570-CSW, ultrasonic
hydrolysis was performed, add 3% of the relative mass of KH570
to ethanol. CSW was then placed in an 80 °C water bath and
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stirred. The resulting product suspension was washed with
ethanol and then allowed to settle and dry naturally to obtain
KH570-CSW. Next, appropriate amounts of KH570-CSW and
SDBS were weighed, mixed with anhydrous ethanol and
distilled water, sonicated, stirred, and heated to 65 °C. Specific
amounts of AN and AIBN were added and allowed to react for 8
hours. Initially, the product was washed with DMF and then
rinsed with distilled water and AC. Finally, the suspension was
dried to obtain CSW-PAN.
The reaction environment was maintained oxygen-free.

Preparation of the TiO,-PAN/CSW-PAN/PP composite
materials

In this experiment, the amount of CSW-PAN added to the PP
matrix was fixed at 3%, and on this basis, the amounts of
TiO,-PAN added were 1, 3, 5, and 7%, respectively. The TiO,-
PAN/PP, CSW-PAN/PP, and TiO,-PAN/CSW-PAN/PP composite
materials were mixed in different proportions uniformly
using an internal mixer. The mixture was then used to create
splines through injection molding. To compare with pure PP
splines, we first predried the samples and prepared them to
a standard size for testing impact, tensile, and bending. To
obtain the PP composite material, we added 40 g of dried PP
and the reactant in a certain proportion to the mixer at 180 °C
to melt and blend. The resulting product was crushed with
a small plastic crusher and then injected into the injection
molding machine to produce dumbbell-shaped and round
splines for testing.

Sample characterization

The powder samples were characterized using Fourier trans-
form infrared spectroscopy (FTIR), and the samples were
scanned by infrared spectroscopy in a scanning range of 4000-
500 cm™'. An X-ray photoelectron spectrometer was used to
characterize the structure of the samples. Test parameters: tube
pressure 40 kV, tube flow 200 pA, Cu target, diffractive width DS
=SS = 1°, RS = 0.3 mm, scan speed 2000 d min~", scan range
10-90°. UV-vis absorption spectroscopy was used to determine
the UV absorption properties. An accelerated aging tester was
employed to test for sample aging. The correlation coefficient of
radiation intensity (0.89 W m™?), blackboard temperature (63 +
3 °C), relative humidity (65 & 5%), spray cycle (18/102 min), and
aging time (1000 h) were set to specific values. A universal
testing machine was used to evaluate the mechanical proper-
ties. Each sample was tested six times, and the average values
were considered. Dynamic rheometers were used for assessing
the thermodynamic performance. During the test, the temper-
ature was set to 230 °C, and the scanning frequency range was
set to 0.01-100 rad s~ . Interface analysis was performed using
atomic force microscopy. The post-aging interface was analyzed
using scanning electron microscopy. The surface of each
sample was sprayed with gold to increase the electrical
conductivity. The samples were placed in a vacuum chamber,
and the morphologies of different samples were observed under
an acceleration voltage of 9.5 kV.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Characterization and analysis of TiO,-PAN

In Fig. 1, the absorption peaks at 3434 cm ™" and 1634 cm ™"
(caused by water absorption during the test) correspond to the
hydroxyl group of water on the surface of TiO,. The peak at
1717 em ™!, 1621 em™ ', and 1258 cm™ " correspond to the C=0,
C=C, and C-O-C bonds of KH570, while the peak at 904 cm ™"
corresponds to Ti-O-Si moiety generated from the reaction of
KH570 and TiO,, demonstrating the successful coating of
KH570 on the TiO, surface. The peaks at 1189 em™ ! and
1723 em ™' indicate the C-O-C and C=O0 stretching vibrations
of KH570, while the peaks at 1453 cm™ ' and 2241 cm™ " corre-
spond to the stretching vibrations of C=N, demonstrating the
successful grafting of AN. The above analysis of the FTIR spectra
confirms that the products KH570-TiO, and TiO,-PAN were
successfully obtained.>*?°

In Fig. 2, the XRD spectrum shows pure TiO, nanoparticles.
The characteristic peaks at 25.28°, 37.80°, 48.04°, 53.89°,
55.06°, and 62.68° correspond to the (101), (004), (200), (105),
(211), and (204) crystal planes of rutile TiO, crystals, respectively
(PDF# 21-1272). In comparison with KH570-TiO,, the diffraction
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Fig. 1 FTIR spectra of unmodified and modified TiO,: (a) TiO,, (b)
KH570-TiO, and (c) TiO,-PAN.
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Fig. 2 XRD patterns of unmodified and modified TiO,: (a) TiO,, (b)
KH570-TiO,, and (c) TiO,-PAN.
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peak offset at 10-25° and the emergence of a new diffraction
peak at 20.96° corresponding to C (PDF# 79-1715) in curve
b prove the successful coating of KH570. The complete disap-
pearance of the diffraction peak at 10-25° and the high-
intensity diffraction peaks in curve c prove the successful
grafting of acrylonitrile.

Characterization and analysis of CSW-PAN

In Fig. 3, the difference in the CSW spectrum is evident after
coating with the KH570 coupling agent and grafting with
acrylonitrile. The OH telescopic peaks of CSW were observed at
3618 cm ™' and 3560 cm ', while signals of the C=0 and
C-0O-C bonds were seen, at 1117 cm™ ' and 1732 cm™?,
respectively. The reaction of KH570 with CSW generates Ca-O-
Si, as evidenced by the peak at 958 cm ™', proving the successful
coating of KH570 on the CSW surface. The peak of S-O of CSW
was not seen. The stretching vibration peaks of the CN triple
bond were observed at 1453 cm ™' and 2241 cm ™', indicating
that the carbon-carbon double bond of KH570 has reacted
with the AN double bond. From the FTIR spectra analysis, it is
evident that the products KH570-CSW and CSW-PAN were
successfully obtained.

In Fig. 4, the XRD spectrum of pure CSW nanoparticles
displays the characteristic peaks at 26 = 14.62°, 25.50°, 29.31°,
and 32.00°, which correspond to the (100), (110), (111), and
(102) planes of anhydrous CSW crystals, respectively (PDF# 45-
0157). As coating and grafting occur only on the surface of the
whisker, the lattice structure and atomic arrangement inside
the whisker would remain unchanged. Therefore, the charac-
teristic peak of the crystal after coating and grafting did not
undergo significant changes. This proves that KH570 modifi-
cation and acrylonitrile grafting did not affect the crystal
structure of anhydrous CSW.

Analysis of the aging properties of the TiO,-PAN/CSW-PAN/PP
composites

In Fig. 5, the TiO,/PP composites can absorb ultraviolet light in
the 200-400 nm range. However, TiO, is highly polar and prone

3560
3618

958
c 1620

1117

Transmittance(a.u.)

1 1 1 1
2500 2000 1500 1000 500

Wavenumber/cm™!

Fig. 3 FTIR spectra of unmodified and modified CSW: (a) CSW, (b)
KH570-CSW, and (c) CSW-PAN.
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Fig. 4 XRD patterns of unmodified and modified CSW: (a) CSW, (b)
KH570-CSW and (c) CSW-PAN.
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Fig. 5 UV-VIS spectrum of the TiO,/PP composites.

to agglomeration, which negatively affects its dispersibility and
anti-aging properties in the PP matrix, thereby limiting its
ability to provide ultraviolet protection. When modified by the
coupling agent KH570, the surface of TiO, undergoes organic
modification, which enhances its compatibility and dispersion
in PP, and increases the degree of ultraviolet light absorption.
The absorption strength of the TiO,-PAN/PP composites was
greater than that of the TiO,/PP and KH570-TiO,/PP compos-
ites. This was due to the addition of PAN, which improved the
UV resistance of PP through its UV shielding function. The
noticeable and broad absorption peaks that are enhanced in the
200-400 nm and 400-500 nm ranges can be attributed to the
higher level of UV absorption by TiO, in the TiO,-PAN/CSW-
PAN/PP after the addition of the crystal whiskers and the
improved compatibility between TiO, and the PP matrix. This is
also because both KH570-TiO, and KH570-CSW were grafted
with PAN, which has a UV shielding effect. This imparted
a double UV-shielding effect and improved UV absorption
intensity. Generally, the UV absorption intensity of TiO,-PAN/
CSW-PAN/PP was significantly higher than that of TiO,/PP and
KH570-TiO,/PP. Hence, TiO,-PAN/PP could be used to enhance
the anti-aging performance of PP.
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In Fig. 6, the CSW/PP composites showed a poor ability to
absorb UV in the range of 200-400 nm, and the composite
modified by the silane coupling agent KH570 showed a slight
increase in the UV absorption capacity. The application of the
coupling agent KH570 on the whisker surface enhanced its
polarity and reduced its hydrophilicity, leading to increased UV
absorption. CSW-PAN/PP composites have higher absorption
strength than the other two because of PAN grafting, which
provides UV-shielding ability and improves the UV resistance of
the CSW/PP composites. This resulted in improved UV resis-
tance of the CSW/PP composites. In the 200-400 and 400-500
nm ranges, TiO -PAN/CSW-PAN/PP exhibited broad absorption
peaks. This is likely due to PAN grafting on both KH570-TiO -
and KH570-CSW, which provides UV-shielding effects. Overall,
the UV absorption strengths of TiO-PAN/CSW-PAN/PP were
significantly higher than those of CSW/PP, KH570-CSW/PP, and
CSW-PAN/PP. This characteristic can be used to enhance the
antiaging properties of PP.

From Fig. 7, it can be observed that the impact strength and
flexural strength first increased and then decreased with the
addition of TiO,-PAN. When excessive TiO,-PAN was added, it
did not work in synergy with CSW-PAN toward toughening but
instead led to an increase in Rockwell hardness (Table 1). The
bending strength was the highest at 3% TiO,-PAN and showed
strong toughness at low levels, reaching approximately 1.5
times that of pure PP. In this study, the fillers used enhanced
the bending strength of pure PP. None of the samples broke
during the bending test, and using CSW-PAN helped disperse
TiO,-PAN more effectively in the PP matrix, increasing the
interfacial force. However, the tensile strength of the composite
material decreased after reaching its maximum value. Excessive
TiO,-PAN caused severe agglomeration, preventing CSW-PAN
from regulating filling and inhibiting its local aggregation in
the PP area. This leads to stress concentration points and
a decrease in the tensile strength. When a certain amount of
CSW-PAN was added, the number of stress concentration points
increased significantly at a TiO,-PAN addition rate of 1%,
resulting in an increase in fracture elongation at the macro
level. However, this effect reached its maximum at a TiO,-PAN
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Fig. 6 UV-Vis spectrum of the CSW/PP composites.
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Fig.7 Mechanical analysis of Impact Strength (a), flexural strength (b),
tensile strength (c) and elongation at break (d) of PP and TiO,-PAN/
CSW-PAN/PP before and after aging.

content of 3%, and any further addition of TiO,-PAN only sup-
pressed interfacial compatibility and caused agglomeration.

After 1000 hours of aging, the mechanical properties of the
material decreased. The impact strength and tensile strength
of PP decreased by 10.42% and 2.98%, respectively, after
aging. This suggests that PP was significantly degraded by UV
light. However, when 5% of TiO,-PAN was added, the impact
strength retention rate remained high at 67.55%, and the best
retention rate of bending strength at 3% addition was 59.08%.
The tensile strength and fracture elongation of PP decreased
to 0.62 MPa and 7.1%, respectively. However, when 3% TiO,-
PAN was added, the bending strength retention was 44.72%,
indicating that TiO,-PAN achieves double synergy with CSW-
PAN. This reduces the aging degree of the material and
effectively prevents the decline in mechanical properties.
Therefore, the best performance was observed with 3% TiO,-
PAN. Compared with pure PP, these composite materials have
higher retention rates, indicating their effective UV-shielding
function.

Dynamic mechanical properties

As shown in Fig. 8, the dynamic mechanical properties of
poly(TiO,-PAN/CSW-PAN/PP) were analyzed using a dynamic

Table 1 Mechanical properties of the different composites

View Article Online

RSC Advances

vaar

vara
v Ar 4«

N
v A> 4

s v A> «

10' 0.0

0 20 40 60 80 100 0 20 40 60 80 100

© (rad/s) © (rad/s)

Fig.8 Thermomechanical curves, storage modulus (a) and tan a (b), of
PP and the TiO,-PAN/CSW-PAN/PP composite materials.

mechanical performance tester. The trends of the energy
storage modulus G’ and mechanical loss tan « are illustrated in
the figure. In Fig. 8a, G’ is used to describe the elastic features of
the composite materials, and it was observed that the G’ of all
composites increased with an increase in w. In the low-
frequency region, w is smaller, and the cycle time given by 27/
® is much longer than the relaxation time of the molecular
chain, so the polymer molecular chain segments have enough
time to undergo rearrangement. With a continuous increase in
w, the cycle time 27t/w is shortened below the relaxation time of
the molecular chain, leading to incomplete rearrangement of
the molecular chain segments and warranting the need to
overcome intermolecular forces to do more work; therefore, G’
increases.

Mechanical loss is the ratio of G’ to G’ over a period of time.
From Fig. 8b, it can be seen that the composites showed the
pattern of an initial increase and then a decrease in this ratio with
the increase in w. When the w value is low, the chain segment
movement inside the polymer is consistent with the external
force, resulting in a low tan « value. However, as the w value
increases, more energy is consumed to overcome the friction
resistance and change the conformation of the chain segment,
causing an internal friction peak. The internal friction peak in the
low-frequency region indicates that the contribution of the
viscous response of the system is higher than that of the elastic
response. As the value of w increases further, the kinetic energy of
the chain segment also increases. This results in a decrease in
resistance to molecular motion, which is reflected by a decrease in
the tan « value. The introduction of TiO,-PAN has an impact on
the dissipation factor of PP composites. As w increases, the tan
« values of the composites gradually surpass that of pure PP,
eventually decline and tend to approach this value.

Impact strength

Bending strength Tensile strength

Materials (k] em™?) (MPa) (MPa)
1% TiO,-PAN/PP 3.062 40.838 35.12
3% TiO,-PAN/PP 3.973 44.322 38.51
5% TiO,-PAN/PP 3.554 41.67 36.89
7% TiO,-PAN/PP 3.4 39.399 35.71
1% CSW-PAN/PP 5.186 44.404 38.92
3% CSW-PAN/PP 12.462 46.838 41.15
5% CSW-PAN/PP 9.973 44.476 39.47
7% CSW-PAN/PP 7.106 39.2 38.33

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Atomic force microscopy (AFM) analysis (a and c) and scanning
electron microscopy analysis of the fracture surfaces after aging for
1000 hours (b and d).

Analysis of the impact of the interface on aging performance

Fig. 9 demonstrates that the degree of fusion of materials within
the matrix of the composite TiO,-PAN/CSW-PAN/PP is better
than that of pure PP, whereas the roughness of TiO,-PAN/CSW-
PAN/PP is lower than that of PP according to Gwyddion calcu-
lations. The height phase diagram in Fig. 9a shows much higher
ridges than those in Fig. 9c. The grooves and hills in the three-
dimensional phase diagram prove that the pure PP surface was
not smooth, the fracture surface has obvious cracks, and the
surface was damaged after aging, which justifies the signifi-
cantly reduced PP performance after aging (Fig. 9b). However,
TiO,-PAN/CSW-PAN/PP with good interfacial compatibility did
not show obvious cracks after 1000 h of aging (Fig. 9¢), which
demonstrates that the presence of CSW-PAN makes the inter-
face very strong (Fig. S1t). The impact performance of the cor-
responding composite material is better than that of unaged PP
since the presence of CSW-PAN inhibits the aggregation of TiO,-
PAN in PP and improves its distribution, thereby enhancing its
binding force at the interfaces and allowing TiO,-PAN to exhibit
UV shielding to its full potential. At the same time, CSW-PAN
can also absorb weak UV light, so cracks occur only on the
surface of the PP fibers; thus, its mechanical properties are not
significantly reduced under long UV exposure.

Conclusions

Compared with pure PP, the anti-aging properties of the TiO,-
PAN/CSW-PAN/PP ternary composites were improved. TiO,-PAN
enhances the UV shielding ability of PP, whereas, CSW-PAN
plays a role in toughening the material. When CSW-PAN and
TiO,-PAN were combined in the correct proportion, they could
work together to enhance the mechanical properties of the PP
matrix. Nevertheless, too much TiO,-PAN led to a notable
decrease in performance. This is because a large amount of
TiO,-PAN cannot be evenly dispersed under the influence of
CSW-PAN, resulting in the formation of numerous aggregates.
The atomic force microscopy results prove that CSW-PAN
effectively improves the dispersion and interface binding force
of TiO,-PAN in the PP collective. Combined with the observa-
tions from scanning electron microscopy and mechanical
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performance tests, our findings prove that this composite
polypropylene material displays effectively improved anti-aging
performance and meets the practical application requirements
of high-performance polypropylene, and therefore, has the
potential to effectively extend the service life of commodities
and avoid unnecessary waste and white pollution.
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